A modified polymerase chain reaction (PCR) was developed to introduce random point mutations into cloned genes. The modifications were made to decrease the fidelity of Taq polymerase during DNA synthesis without significantly decreasing the level of amplification achieved in the PCR. The resulting PCR products can be cloned to produce random mutant libraries or transcribed directly if a T7 promoter is incorporated within the appropriate PCR primer. We used this method to mutagenize the gene that encodes the Tetrahymena ribozyme with a mutation rate of 0.66% -4-0.13% (95% C.I.) per position per PCR, as determined by sequence analysis. There are no strong preferences with respect to the type of base substitution. The number of mutations per DNA sequence follows a Poisson distribution and the mutations are randomly distributed throughout the amplified sequence.
A modified polymerase chain reaction (PCR) was developed to introduce random point mutations into cloned genes. The modifications were made to decrease the fidelity of Taq polymerase during DNA synthesis without significantly decreasing the level of amplification achieved in the PCR. The resulting PCR products can be cloned to produce random mutant libraries or transcribed directly if a T7 promoter is incorporated within the appropriate PCR primer. We used this method to mutagenize the gene that encodes the Tetrahymena ribozyme with a mutation rate of 0.66% -4-0.13% (95% C.I.) per position per PCR, as determined by sequence analysis. There are no strong preferences with respect to the type of base substitution. The number of mutations per DNA sequence follows a Poisson distribution and the mutations are randomly distributed throughout the amplified sequence.
T h e technology of in vitro mutagenesis allows one to probe structurally and functionally important regions within cloned genes. Random mutagenesis, coupled with a screening method, is especially useful when functionally significant positions are not well known. Several methods have been utilized to introduce random mutations into cloned genes, including chemical mutagenesis, (1-4) incorporation of nucleotide analogues, (s-7) passage through bacteria that contain mutator genes/8) incorporation of randomized synthetic oligonucleotides, ~9-2~ and inaccurate copying by a polymerase. (21-28~ We find inaccurate copying by a polymerase to be the most attractive because of its simplicity and versatility.
The fidelity of several DNA polymerases has been measured, including the Klenow fragment of Escherichia coli DNA polymerase I, (29) T4 DNA polymerase, (21~ modified T7 DNA polymerase (Sequenase)/3~ Taq DNA polymerase/313s) and Thermococcus litoralis (Vent) DNA polymerase/s6~ The fidelity of Taq polymerase is the lowest and, when coupled to the amplificative power of the PCR, (37's8) makes Taq the best candidate for an in vitro mutagenesis procedure.
The error rate of Taq is 0.001-0.02% per nucleotide per pass of the polymerase, depending upon reaction conditions/33'34~ For most purposes, this is insufficient to mutagenize a gene. Thus, modifications of either the reaction conditions or the polymerase itself are needed to achieve a substantial reduction of fidelity.
There is a paper in the literature describing a random mutagenesis procedure based on modification of the PCR/2s~ The fidelity of the PCR was reduced by increasing the concentration of MgC12, adding MnCI~ to the reaction mixture, increasing and unbalancing the concentrations of the four dNTPs, increasing the concentration of Taq polymerase, and increasing the extension time. Under the most error-prone condition, the claimed error rate is 2% per position per PCR, with an equal number of transitions and transversions. (2s) We tested the most error-prone condition reported by Leung et al. and obtained a mutation rate of 1.37% -+ 0.29% (95% C.I.). However, there were approximately three times as many transitions as transversions, with a strong bias toward A ~ G and T ~ C transitions. This result prompted us to develop a new PCR mutagenesis protocol that does not have strong mutational bias and provides an overall error rate of 0.66% +-0.13% (95% C.I.). Plasmid pT7L-21 was transcribed as previously described (41) and the resulting RNA was purified by polyacrylamide gel electrophoresis and subsequent Sephadex chromatography. The purified RNA was used to synthesize cDNA autocatalytically by an isothermal amplification procedure. (44' 4s) The amplification mixture contained 50 fmoles of RNA, 100 pmoles (each) PCR primers (see Materials), 10 mM MgCI2, 80 mM KOAc, 5 mM dithiothreitol, 50 mM Tris.HCl (pH 7.5), 2 mM (each) NTPs, 0.2 mM (each) dNTPs, 125 units of Mo-MLV reverse transcriptase, and 500 units of T7 RNA polymerase in a 100-pA volume, which was incubated at 37~ for 3 hr. The RNA was digested by alkaline hydrolysis and the cDNA was purified by electrophoresis in a 5% polyacrylamide/8 M urea gel and subsequent affinity chromatography on Du Pont Nensorb. The yield of cDNA was quantitated spectrophotometrically.
MATERIALS AND METHODS

Materials
Polymerase Chain Reaction
The standard reaction condition was compared to four mutagenic reaction conditions. All reaction mixtures contained 20 fmoles cDNA, 30 pmoles (each) PCR primers (see Materials), 50 mM KCl, 10 mM Tris.HCl (pH 8.3), and 0.01% gelatin in a 100-1~1 volume, which was cycled in an Ericomp thermal cycler for 30 cycles of 94~ for 1 min, 45~ for 1 min, and 72~ for 1 min. We did not employ a hot start procedure and did not carry out a prolonged extension reaction at the end of the last cycle. In addition to the above components, the standard reaction mixture contained 1.5 mM MgC12, 2.5 units of Taq polymerase, and 0.2 mM (each) dNTPs; the mutagenic reaction mixtures contained 7 mM MgCI2, 0.5 mM MnCI2, 5 units of Taq polymerase, and varying concentrations of the four dNTPs. MnC1 z must be added just prior to enzyme to prevent precipitation. PCR products were purified by chloroform/ isoamyl alcohol extraction and ethanol precipitation. Yields were estimated by running a small aliquot of the reaction mixture on a 2% agarose gel and visualizing the ethidium bromide-stained products in comparison to known amounts of DNA.
Cloning of PCR Products
To facilitate restriction digestion, 2.5 I~g of PCR product DNA was concatenated in a concerted kination / ligation reaction, as previously described. (46) The enzymes were heat-inactivated, the buffer was adjusted to 50 mM NaC1, and the DNA was digested with EcoRI and HindlII. The pUC18 (AP2/AP5) plasmid was similarly digested with EcoRI and HindlII and purified in 1% low-meltingpoint agarose gel. This vector contains two large deletions in the ribozyme gene that were PCR amplified, making it easy to distinguish vector religation products from vector that has incorporated the PCR fragment. The restriction-digested PCR fragment was incorporated into the target vector by ligation within lowmelting point agarose. (47) The resulting plasmid DNA was used to transform competent DH5c~-F' cells, (48) which were grown on ampicillin-containing plates. Individual colonies were chosen at random and grown overnight in LB media. DNA was prepared by a boiling lysis miniprep protocol (49) and screened for the presence of insert by restriction digestion.
DNA Sequencing
DNAs were sequenced by the chain-termination method (s~ using reciprocal primers that flank the cloned insert (see Materials). Sequencing reactions utilized modified T7 DNA polymerase (Sequenase 2.0, USB) and [3sS]-(a-thio)-dATP and were analyzed by electrophoresis in a 6% polyacrylamide/8 M urea sequencing gel. The 353 nucleotide positions that lie between the two sequencing primers were used for statistical analysis.
RESULTS
We first compared the standard PCR to the mutagenic PCR described by Leung and co-workers. (2s) The Leung protocol employs several modifications relative to the standard PCR that might be considered mutagenic, including: (1) increased concentration of Taq polymerase; (2) increased extension time; (3) increased concentration of MgC12; (4) addition of 0.5 mM MnC12 to the reaction mixture; and (5) increased (1 mM) concentration of dGTP, dCTP, and dTTP together with standard (0.2 mM) concentration of dATP. The last two modifications are expected to have the greatest impact on error rate.
With the standard PCR, we obtained only I mutation in 3177 nucleotides that were sequenced. Thus, based on a onetailed t-test, the error rate is <0.14% per position (95% C.I.). This error rate reflects both mutations that occur during the PCR and mutations that occur during our preparative procedure. It is consistent with published values obtained under similar reaction conditions (34 '38) and establishes a baseline for the present study. To obtain a more precise estimate of the error rate for the standard PCR, one must either sequence a very large n u m b e r of nucleotides or, as has been done in the past, turn to in vivo selection markers to screen a large population of DNA sequences for the presence of a single mutation. In general, direct sequencing is impractical unless the mutation rate is above 0.2% per position per PCR.
We tested a mutagenic PCR based on Leung's conditions and obtained an overall mutation rate of 1.37% +-0.29% per position per PCR (95% C.I.; n = 6001). This is in reasonable agreement with the published value of 2%. (zs) However, there was a substantial excess of A --~ G and T --~ C mutations, resulting in strong GC sequence bias ( Table 1 ). The probability of mutation at an A or T position was 2.14% -+ 0.51%, while the probability of mutation at a G or C position was only 0.37% -+ 0.24% (95% C.I.). This bias can be understood in terms of the competition between dATP and dGTP for base-pairing at T positions along a DNA template (see Discussion). There may be special circumstances in which it is desirable to apply GC pressure while mutagenizing a gene. However, we sought to address the broader need for a mutagenesis technique that does not impose sequence bias.
Previous studies concerning the effect of unbalanced concentrations of the four dNTPs on the fidelity of T4 DNA polymerase showed that the mutation rate could be increased only by increasing the dGTP/dATP ratio. tion might be expected to apply to other DNA polymerases. However, Taq polymerase, which operates at higher temperature and has lower i n h e r e n t fidelity compared to T4 DNA polymerase, turns out to be vulnerable to a variety of alterations in dNTP concentrations. Our preferred reaction condition for PCR mutagenesis employs 0.2 mM dGTP, 0.2 mM dATP, 1 mM dCTP, and 1 mM dTTP, but is otherwise identical to our formulation of the Leung condition described above. The preferred condition results in an overall m u t a t i o n rate of 0.66% + 0.13% per position per PCR (95% C.I.; n = 16,591) and is free from GC or AT bias (Table 1 ). This data reflects the sum of two i n d e p e n d e n t experiments, which were carried out using different stock solutions and analyzed by separate cloning and sequencing procedures. The two i n d e p e n d e n t m u t a t i o n rates were 0.64% (n = 9884) and 0.69% (n = 6707), which do not differ significantly. Individual rates for various types of mutations of the form N ~ X and X --~ N (N = G,A,C,T; X ~ N) were tabulated for the two independent samples and, in all cases, found not to differ significantly at even the 90% confidence level. Thus, data from the two i n d e p e n d e n t samples was pooled.
The preferred reaction condition results in no strong mutational bias (Fig.  1 ). There is a modest preference for T --~ X changes (X ~ T) and X ~ A changes (X A), both significant at the 99% confidence level. All other N ~ X and X ~ N changes cannot be said to differ at even the 90% confidence level. The frequency of insertions and deletions is <0.03% and <0.05%, respectively (one-tailed test, 95% C.I.).
Two other reaction conditions were tested in an attempt to obtain a higher overall mutation rate while maintaining low mutational bias. The PCR was carried out in the presence of 0.2 mM dGTP, I mM dATP, 1 mM dCTP, and I mM dTTP, u n d e r reaction conditions otherwise identical to those above. This resulted in an error rate of 0.85% +__ 0.43% per position per PCR (95% C.I.; n = 1,765) ( Table  1) , but with strong bias in favor of A ~ X (X # A) and X ~ T changes (X # T). Finally, we tested a "compromise" con- (Table 1) , but with strong bias in favor of A ~ X changes (X # A).
Returning to the preferred reaction condition, we tested whether there were any mutational "hotspots" or clustering of mutations within the DNA sequence. The n u m b e r of mutations per DNA sequence (109 mutations; 47 sequences) follows a Poisson distribution (Fig. 2) . The mutations are r a n d o m l y distributed t h r o u g h o u t the amplified sequence, with no obvious nearest-neighbor effects (Fig. 3) . The yield of DNA in the mutagenic PCR does not differ significantly from the yield in the standard PCR, as judged by agarose gel electrophoresis in the presence of ethidium bromide.
DISCUSSION
Much has been made of the importance of maximizing the fidelity of the PCR. (3~ Indeed, if the PCR is being used as a preparative procedure prior to subcloning, a low m u t a t i o n rate is desirable. However, there are instances in which a low-fidelity polymerization reaction would be useful, provided that it does not result in significant mutational bias.
Recently, a n u m b e r of in vitro selective amplification techniques have been developed that depend on generation of an initial population of r a n d o m variants. (sl-64) Normally this is accomplished by preparing degenerate oligode-`1, `1, `1,`1, `1,   l `1, 4, 114, 4, 14, 4, 4, 4 , `1, `1,`1,`1,  `1,  4,1 
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FIGURE This m e t h o d is time consuming and expensive compared to a mutagenic PCR. Furthermore, it does not allow one to remutagenize those individuals that have been selected from the initial m u t a n t population. The ability to iterate the mutation process while carrying out repeated rounds of selective amplification greatly augments in vitro selection, in effect converting it to an in vitro evolution procedure. (6s)
More generally, PCR mutagenesis can be used to randomize any cloned gene for the purpose of generating m u t a n t libraries that can be screened for the expression of some desirable phenotype. If the promoter sequence for T7 RNA polymerase is included in the appropriate PCR primer, then the PCR products can be transcribed directly to produce a population of m u t a n t RNAs. If these RNAs contain an AUG start codon and maintain proper codon usage, then they can be translated in vitro to produce a corresponding population of m u t a n t proteins.
In this study, we analyzed and subsequently modified the PCR mutagenesis procedure of Leung and co-workers (zs~ to obtain a m e t h o d for gene randomization that does not impose strong sequence bias. The Leung protocol, which employs increased concentrations of dGTP, dCTP, and dTTP relative to dATP results in a substantial excess of A ~ G and T ---> C changes. This is likely due to formation of G.T "wobble" pairs between incoming dGTPs and T positions along the DNA template, favored by the increased dGTP : dATP ratio. Misincorporation of G opposite T accounts for the A ---> G changes, and copying of a misincorporated G during the next pass of the polymerase accounts for the T ~ C changes. Maintaining relatively low concentrations of both dATP and dGTP would make such events less favorable. Mass action would then be expected to favor the four transversion mutations. However, we found transitions and transversions to occur in a ratio of 0.75 : 1, which does not differ significantly from the unbiased value of 0.5 : 1 (90% confidence level). This suggests that there are other mutagenic forces operating in the PCR. Addition of 0.5 mM MnC12 to the reaction mixture is expected to have a significant mutagenic effect. MnC12 is known to be mutagenic for a variety of DNA polymerases (23> and data of Leung and co-workers suggest that this is the case for Taq polymerase as well. (2s> We have made no attempt to cooptimize the concentrations of MnC12 and the four dNTPs to achieve maximal error rate while maintaining minimal sequence bias. An obvious way to increase the overall error rate of the PCR would be to carry out more reaction cycles, although this increases the risk of obtaining PCR artifacts. (66~ Similarly one could carry out two consecutive PCRs, perhaps purifying the products of the first reaction by gel electrophoresis before proceeding with the second reaction. A more subtle way to increase the error rate of the PCR is to increase the concentration of Taq polymerase or to increase the extension time within each reaction cycle. These changes are expected to promote chain extension beyond positions of base mismatch. (67) Finally, it has been shown that the error rate of the PCR is enhanced by increasing the concentration of MgC12, (3~ which presumably stabilizes n o n c o m p l e m e n t a r y pairs, and by increasing the pH, (3~ which may have an effect on the polymerase itself.
The PCR mutagenesis procedure described in this study should be sufficient for most gene randomization purposes. We encourage others to seek further modifications of the reaction conditions that would result in a higher error rate without producing significant sequence bias. The types of manipulations discussed above would be a reasonable place to start. Ultimately, t h o u g h perhaps only after the three-dimensional structure of a thermostable DNA polymerase is available, it may be possible to modify the polymerase itself to obtain a low-fidelity enzyme.
